Despite the significant public health problems associated with hepatitis B virus (HBV) in sub-Saharan Africa, many countries in this region do not have systematic HBV surveillance or genetic information on HBV circulating locally. Here, we report on the genetic characterization of 772 HBV strains from Tanzania. Phylogenetic analysis of the S-gene sequences showed prevalence of HBV genotype A (HBV/A, n=671, 86.9 %), followed by genotypes D (HBV/D, n=95, 12.3 %) and E (HBV/E, n=6, 0.8 %). All HBV/A sequences were further classified into subtype A1, while the HBV/D sequences were assigned to a new cluster. Among the Tanzanian 
INTRODUCTION
Hepatitis B virus (HBV) infection remains a major public health concern, with~400 million people chronically infected worldwide. It is associated with a broad spectrum of clinical presentations, ranging from asymptomatic infection to serious liver diseases such as liver cirrhosis and hepatocellular carcinoma [1, 2] . The World Health Organization estimates that about 600 000 people die every year due to acute or chronic hepatitis B [2, 3] . Sub-Saharan Africa accounts for a large majority of these infections and has been described as a hyper-endemic region for the disease [4] . In Tanzania (located in East Africa), the prevalence of HBV infection has reached 17.3 % among HIV-infected adults [5] . With the presence of social networks among men who have sex with men and persons who inject drugs in Tanzania [6] , the rate of infection is expected to remain high, as these groups have been associated with increased transmission and acquisition of HBV infection [7] . Only limited information is available on the genetic composition of the HBV population circulating in Tanzania. However, this information is relevant for estimating the potential severity and progression of chronic hepatitis B, the response to antiviral therapy and the risk of liver cancer [8] . Genetic characterization of currently circulating HBV strains should provide crucial insights into the global expansion and evolution of HBV and will help in creating more efficient disease interventions and patient management strategies.
The HBV genome is a small partially double-stranded DNA that is~3.2 kb in length and contains four partially overlapping ORFs encoding the P (polymerase), C (core), S (surface) and X proteins [9] . The S protein is a critical target of the host's neutralizing antibodies [10, 11] and the S gene is frequently used for genotyping, phylogenetic and evolutionary analyses [12, 13] . Here, we characterize HBV strains from Tanzania and analyse their genetic history and geographic distribution. The data suggest that Tanzania is, at least in part, the geographic origin of the HBV/A1 subtype and HBV has a long history in the country.
RESULTS

Phylogenetic analysis
Phylogenetic analysis of the 772 HBV S-gene sequences (Northern zone, n=22; Eastern, n=211; Southern, n=94; Western, n=7; Zanzibar, n=29; Lake, n=373; Southern Highlands, n=36) identified three HBV genotypes circulating in Tanzania, HBV/A (n=671; 86.9 %), HBV/D (n=95; 12.3 %) and HBV/E (n=6; 0.8 %) (Fig. 1) . The genotype distribution by zones is shown in Fig. 2 . To identify subtypes of the sampled HBV strains, phylogenetic analysis was performed using a set of reference sequences from HBV strains with known HBV/A and HBV/D subtypes. It was found that while HBV/A reference sequences clustered according to their subtypes, HBV/A1, HBV/A2 and HBV/A3, the HBV/ D sequences of different subtypes were intermixed, indicating that accurate subtyping using the S-gene sequence cannot be accomplished for HBV/D strains (Fig. 3) .
All HBV/A sequences from Tanzania clustered together with the HBV/A1 reference sequences, suggesting the predominance of the subtype in the country. It is important to note that 84 % of HBV/A1 sequences sampled in this study were unique, while only 44 and 60 % of the S-gene sequences from the recently identified HBV/A1 Asian-American and African clusters, respectively, were unique [14] . Additionally, many sequences formed long terminal branches in the phylogenetic tree, reflecting significant genetic differences among the Tanzanian HBV/A1 strains (Figs 1 and 3) . The nucleotide diversity among the Tanzanian HBV/A1 sequences was 2.9 %, while it was 1.6 and 1.4 % among HBV/A1 sequences from the African and Asian-American clusters, respectively. The HBV/D sequences from Tanzania, however, did not intermix with any of the reference sequences used here, suggesting a significant genetic distinction of the Tanzanian HBV/D strains from those collected from GenBank. Similar to HBV/A1, the HBV/D sequences from Tanzania were genetically heterogeneous and formed long branches in the phylogenetic tree. The genetic diversity among the Tanzanian HBV/D sequences was 3.1 %, while it was 1.9 % among the all other reference HBV/D sequences. No significant difference in diversity was found between the Tanzanian HBV/A1 and HBV/D (P>0.05).
Genetic history
Bayesian coalescent analysis estimated the average time to the most recent common ancestor (tMRCA) for HBV/A1 to be 188 years ago (95% HPD: 132 to 265) and 127 years ago (95% HPD: 79 to 192) for HBV/D. Skyline plots indicate that HBV/A1 went through a continuous expansion that started in~1890 and experienced an extraordinarily rapid inflation starting in~1960. After 1970, the effective population of HBV/A1 became constant and it has remained constant to the present day (Fig. 4) . HBV/D also experienced a population expansion that went in two phases: slow from 1920-1965 and rapid from~1970-1990 (Fig. 5) . The total increase in the effective population seen in HBV/D is only about 2 logs, as compared to that for HBV/A which expanded by about 4 logs (Figs 4 and 5) .
Phylogeographic association
The distribution of the HBV genotypes by zone of collection was as follows: East (HBV/A=186, HBV/D=22, HBV/E=3); Lake (HBV/A=304, HBV/D=68, HBV/E=1); North (HBV/ A=20, HBV/D=2, HBV/E=0); Southern Highland (HBV/ A=32, HBV/D=2, HBV/E=2); South (HBV/A=94, HBV/D=0, HBV/E=0); West (HBV/A=6, HBV/D=1, HBV/E=0); Zanzibar (HBV/A=29, HBV/D=0, HBV/E=0). Bayesian tip-association significance testing (Befi-BaTS) was used to test the potential association between the geographic locations and the phylogenetic relationships among HBV strains. All the methods in Befi-BaTS indicate that geographic distribution reflects phylogenetic relationships among HBV/A1 strains (P=0.01, Table 1 ). The monophyletic clade size allowed us to examine each geographic region individually. Sequences from the North, East, South, Lake, Zanzibar and Southern Highland zones were not distributed randomly on the tips of the corresponding phylogenetic trees (P=0.01), while sequences from the West zone appeared to be randomly distributed on the tree (P=1.0). A similar observation was made for HBV/D, indicating that the geographic location is non-randomly distributed across the tree (P=0.05). This finding was supported by all measures but the net relatedness index (P=0.6, Table 2 ). While the sequences from the Lake (P=0.01) and East zones were not found to be randomly associated with tips of the HBV/D phylogenetic tree (P=0.01), the sequences from the North, East and Southern Highland zones were randomly distributed (P=1.0), which is likely due to the small sequence numbers from the latter regions. HBV/D strains were only sampled from five (North, East, West, Southern Highland and Lake) of the seven collection zones in Tanzania, with~71.6 % of all HBV/D sequences being obtained from the Lake zone.
Vaccine-escape substitutions Specific amino acid substitutions, A128V, Q129H and M133T, within the 'a' determinant region of the S-protein associated with vaccine escape were identified in 3 of 671 HBV/A1 sequences (0.4 %), while HBV/D and HBV/E did not bear any of the known vaccine escape substitutions. The G145R mutation was not detected in any of the Tanzanian sequences. However, HBV/A1 yielded an additional nine rare mutations within the 'a' determinant -T126S (n=2), 
DISCUSSION
This study describes the molecular epidemiological analysis of HBV genomic sequences from several geographical zones in Tanzania. Our data show that 86.9 % of HBV circulating in Tanzania belongs to HBV/A. This is consistent with a previous report in which 90.9 % of HBV-infected voluntary blood donors in Tanzania were infected with HBV/A [15] . It is obvious that, although the number of HBV isolates detected here does not come from the entire country of Tanzania, our finding is consistent with the previous report on HBV genotypes in the country [15] . All HBV/A strains reported here were classified into subtype HBV/A1 in concordance with other studies [15, 16] . It is important to note that HBV/A1 is predominant in Malawi, Uganda, Kenya [16] [17] [18] and Rwanda [19] , the countries that share borders with Tanzania (Fig. 6 ). The Tanzanian HBV/A1 variants were found frequently at the long branches of the phylogenetic tree and completely intermixed with the global HBV/A1 sequences ( Fig. 3) , reflecting the long evolutionary history of this subtype in the country.
The Tanzanian HBV/A1 S-gene sequences are extraordinarily diverse. Among all of them, 84 % are unique, despite the extensive sampling, while a similarly extensive sampling from the USA showed the existence of large clusters of HBV/A2 strains sharing the S-gene sequences [20] , with only 53 % of the sequences being unique. Recently, HBV/A1 strains were classified into Asian-American and African clusters, in which only 44 and 60 % of the S-gene sequences were unique, respectively [14] . The predominance of a diverse HBV/A1 population suggests that Tanzania is, at least in part, the geographic origin of the subtype, which is in concurrence with the hypothesis of the East African origin of HBV/A1 [16, 17, 21] . If so, it is interesting that there is a strong segregation of HBV/A1 clades of the S-gene sequences among geographic zones in Tanzania, which indicates either the introduction of the clades to different geographic zones in Tanzania from other East African countries or the independent origin of the clades in each zone. Either way, a strong association between the geographic distribution within the country and the phylogenetic relationships among HBV/A1 strains indicates a particular geographic distribution and further suggests a difference in the geographic origin for the HBV/A1 clades. It is likely that this geographic association plays a major role in the presentation of HBV genotypes in Tanzania.
However, further studies are required to understand the role of geographic isolation in the partitioning of HBV genotypes seen in Tanzania and Africa as a whole.
HBV/D strains were identified in 12.3 % of the tested specimens from Tanzania. These HBV/D variants could not be further classified into subtypes, indicating that the S-gene sequences should be used cautiously for the subtyping of HBV strains. Although the Tanzanian HBV/A S-gene sequences were found to be faithfully segregated into subtypes, the HBV/D reference sequences of different subtypes were found to be completely intermixed (Fig. 3) . Nevertheless, the Tanzanian HBV/D variants were found to be segregated into a separate cluster and were not intermixed with any known HBV/D subtype, suggesting their unique origin in Tanzania. A smaller sample size of HBV/D sequences only allowed for the statistically significant identification of phylogenetic associations for the Lake and East zones, which still indicates that, similar to HBV/A1, HBV/D strains have a specific distribution in the country. Only six HBV/E strains (0.8 %) were detected in this study. HBV/E circulates almost exclusively in West/Central Africa [22, 23] . The geographic origin of HBV/E isolated in this study remains unknown. However, low prevalence and genetic diversity indicate that this genotype was introduced to Tanzania. The six HBV/E strains probably originated from West Africa or have some links associated with transmission from West Africa, where HBV/E is prevalent [22, 23] . The travel history of the six individuals infected with HBV/E is also unknown.
The identification of many divergent strains of three genotypes (Figs 1 and 3) suggests a long evolutionary history of HBV in Tanzania. Time-scaled phylogenetic reconstruction indicates that the HBV/A tMRCA is~188 years ago. The tMRCA of HBV/D was estimated to be~127 years ago. Interestingly, this coincides with the tMRCA (128 years ago) of HBV/D from India [24] . This suggests that the common ancestor of the currently circulating HBV/D in Tanzania existed at the same time as those from the Indian sub-continent [24] . A skyline plot showed that the Tanza The expansion phase of HBV/D coincided with the massive expansion of HBV/E in the African HBV/E crescent, probably due to massive public health interventions, as we reported previously [23] . It is likely that the expansion of HBV/D in Tanzania and HBV/E in Nigeria [23] was shaped by related mechanisms, such as unsafe injection practices [24] , although the data presented here provide no direct evidence for such an association.
Analysis of the sequences obtained in this study from samples collected within a short period of time and using short genomic regions could result in inaccurate estimation of tMRCA. The timescale approximation for the HBV epidemic may vary considerably, depending on the estimation of evolutionary rate. per site per year used in the present analysis represents the best estimate of HBV evolutionary rates [25] . Another possible limitation of the study is that quasispecies analysis of HBV strains was not performed to evaluate the extent of intra and inter-host heterogeneity.
Only 0.4 % of HBV/A1 strains and none of HBV/D and HBV/E carry known substitutions that confer immune escape properties. This finding presents an opportunity and a potential advantage to public health interventions in Tanzania. Since only a small fraction of HBV strains is potentially less preventable through vaccination programs [26] , the current HBV vaccine should be effective in preventing infection. Additionally, conventional diagnostic assays for HBsAg [27] [28] [29] [30] should be effective in detecting infections in this country. Hepatitis B vaccine was introduced in Tanzania in 2002 and has been shown to be effective [31] , as further supported by the data presented in the present study. Surprisingly, G145R, a common vaccine escape substitution in the 'a' determinant [32, 33] , was not detected in any of the 772 individuals in this study. Finding remarkably low levels of vaccine escape substitution for a period of~10 years from the start of vaccination to the time these samples were collected (2011) argues well for the effectiveness of vaccination in Tanzania. These findings suggest that Tanzania is at an advantage in HBV infection control efforts in comparison to other HBV-hyperendemic countries in Africa [17] .
In conclusion, the data obtained in this study suggest that Tanzania is, at least in part, the geographic origin of the HBV/A1 and a new clade of HBV/D. Although the HBV epidemic in Tanzania is characterized by a recent increase in the transmission rate and significant HBV genetic diversity, current testing and vaccination efforts should be effective as part of control strategies.
METHODS Study population and ethics statement
In Tanzania, per the National Blood Transfusion Service testing algorithm, all donor blood units are screened for HBV with the Genedia ELISA 3.0 (Green Cross Life Sciences Corporation, Korea), a qualitative test designed for the detection of hepatitis B surface antigen (HBsAg) [34] . Samples from blood donor units screening positive by the national algorithm were sent to the Division of Viral Hepatitis Laboratory, Centers for Disease Control and Prevention (CDC), Atlanta, GA, for further testing and characterization of HBV isolates. A total of 772 distinct HBV isolates responsible for HBV infections identified among blood donor units in Tanzania collected during June-September 2011 were included in this study. The samples were collected from seven different geographical regions or zones of the country (East, Lake, North, Southern Highland, South, West and Zanzibar). The locations from which the samples originated are shown on the outline map of Tanzania in Fig. 6 . Plasma samples from these blood donor units were stored at À70 C until use. Ethical approval for this research was given by the Tanzania Ministry of Health and Social Welfare and informed consent was also obtained from all individuals who participated in the study. A non-research determination to test the anonymized samples for HBV was obtained from the CDC.
DNA extraction, amplification and sequencing Total nucleic acid was extracted from plasma samples using the Roche MagNA Pure LC instrument and MagNA Pure LC Total Nucleic Acid Isolation kit (Roche Diagnostics Corporation, Indianapolis, IN) and eluted with 50 µl elution buffer according to the manufacturer's instructions. The HBV S-gene was amplified by two rounds of real-time PCR on the LightCycler 480 Instrument (Roche Diagnostics Corporation, Indianapolis, IN) using primer combinations and standardized protocols, as described previously [17, 23] . The PCR yielded a product size of~403 bp. DNA sequencing was carried out in both directions using the Big Dye-Terminator version 3.1 cycling methodology (Applied Biosystems, CA) and an automated sequencer (ABI 3130xl Genetic Analyzer; Applied Biosystems, CA). The sequencing PCR involved 25 cycles, with each cycle consisting of 96 C for 10 s, 50 C for 5 s and 60 C for 4 min.
Sequence alignment and phylogenetic analysis Sequences were initially cleaned and assembled using the SeqMan and MegAlign programs from Lasergene DNA and Protein analysis software (version 10.1.2, DNASTAR, Madison, WI). All of the S-gene sequences were aligned using Geneious Table 1 . Befi-BaTS results for genotype HBV/A sequences from Tanzania
The null distribution and its confidence intervals were created in Befi-BaTS and the observed mean, confidence intervals and P values were calculated from the null distribution. Pro version 5.5.8 (Biomatters, New Zealand) and also MUSCLE, as implemented in MEGA5 [35] . Phylogenetic analysis was performed by using the maximum likelihood method of the MEGA5 software [35] . Genotypes and subtypes were classified by comparing sequences obtained in this study with representative sequences of HBV/A-HBV/H as well as GenBank sequences representing subtypes HBV/A1-3 and subtypes HBV/D1-9. The S-gene sequences for comparative phylogenetic analysis were obtained from the HBV whole-genome sequences [14] . The nucleotide diversity (mean pairwise genetic distance) of each group of identified genotypes was calculated separately using maximum-likelihood correction and gamma-distributed rate variation among the sites. These analyses were performed in MEGA5 [35] .
Bayesian posterior sample tree The 772 nucleotide sequences were segregated by genotypes. All genotype A and D sequences were selected for analysis. The HBV/E isolates were not subjected to Bayesian analysis due to the small sample size. BEAST (version 1.7.5) [36] was used to create 10 000 Bayesian trees using the HasegawaKishino-Yan (HKY) substitution model with four gammarate categories and invariant sites with an uncorrelated lognormal molecular clock and a coalescent constant population prior [37] . A fixed substitution rate of 2.97Â10 À4 mutations per site per year was used [25] . Using a strict as well as a relaxed clock for the initial estimate of the substitution rate, none of the models tested was found to be superior, indicating that the conclusions are not affected by the application of different models [23] .
Phylogeographic association using Befi-BaTS To analyse whether the phylogenetic trait of the region of origin for the sequences generated in this study was randomly associated with the tips of the phylogenetic tree, BefiBaTS analysis was employed. Befi-BaTS uses a posterior sample of trees to approximate the true posterior distribution of phylogenies given the sequences. Randomization of the taxon-geographic location associations allows for the creation of a null distribution, providing a statistical significance test of the null hypothesis that geographic locations are randomly associated with phylogeny tips. All the methods in Befi-BaTS examine the tree as a whole, except for the monophyletic clade size, which can be used to examine geographic locations individually. After posterior samples were created for each genotype, an in-house Perl script was used to remove a burn-in of 75 % for the HBV/D sequences and 80 % for the genotype A sequences. There was a larger burn-in for the HBV/A sequences because of the size of their tree file. The resulting tree files were reformatted and analysed with Befi-BaTS (version 0.1.1) [38] using 100 repetitions to create the null distribution. The null distribution and its confidence intervals were created in Befi-BaTS and the observed mean, confidence intervals and P values were calculated from the null distribution: AI, association index [39] ; PS, parsimony score [40] ; NTI, nearest taxa index [41] ; NRI, net relatedness index [41] ; PD, phylogenetic diversity [42] and MC, monophyletic clade size (location) [38] . Significance is reached if P 0.05.
Dated phylogenies
Dated phylogenies were obtained using BEAST (version 1.7.5) [37] to estimate the tMRCA and to create skyline plots for each genotype independently [43] . The HKY substitution model was used with four gamma-rate categories and invariant sites. The uncorrelated lognormal molecular clock with a substitution rate of 2.97Â10 À4 substitutions per site per year calculated by Zhou and Holmes [44] was used for these calculations. A piecewise constant coalescent Bayesian skyline prior was used with 10 groups. The burn-in was 10 % for both genotypes. The population parameter returned by the skyline plot was N e t, where N e is the effective population and t is the generation length in years. Because t is constant, the use of N e t allows us to evaluate the relative changes in the effective population of HBV in this setting. Skyline subset analysis A Perl script was used to create random sequence data sets with 10, 30 or 50 % of the sequences from the complete HBV/A dataset. A minimum of five sets were created for each percentage. Bayesian skyline plots were created for each data set using the method described above. The estimates for the root height were averaged for each percentage and the significance of these means was determined using a t-test for two means while assuming unequal variances.
Detection of mutations within the 'a' determinant of the HBsAg sequences Specific known mutations associated with immune escape located within the HBsAg immunodorminant 'a' determinant region (residues 124-147; I/T126A/N, A128V, Q129H/ R, G130N, M133L/T, K141E, D144A/H and G145R) [33, 45] were searched for manually. The first and most common 'vaccine escape mutant' described [33] is the substitution of Gly at position 145 by Arg (G145R).
Nucleotide sequence accession numbers
Nucleotide sequences for the HBV strains have been deposited in GenBank under accession numbers KU594654-KU595425.
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